Abstract-In this paper, a switched reluctance motor (SRM) with phase windings similar to an autotransformer is presented. The new winding structure allows for fast demagnetization. This enhances the machine performance at high speeds. During demagnetization, the dc bus voltage is applied to a portion of the phase winding, and accordingly a higher negative demagnetization voltage/turn is applied. This results in the faster discharge of the phase excitation currents. The power electronic converter configuration is modified to facilitate the new winding topology. However, the number of switches is the same as a conventional half-bridge converter used in SRMs. The proposed SRM drive with the modified winding configuration is verified through finite element analysis based circuit simulations and experimental results.
I. INTRODUCTION

S
WITCHED reluctance motors (SRMs) are gaining interest in many applications such as automotive industry, wind power generation, and aircraft starter-generator set [1] - [6] . This is primarily due to their inherent advantageous features like high efficiency, robustness, and fault tolerance. In SRMs, the excitation current should be driven into the machine phases sequentially in a way that maximizes the positive torque production while avoiding the generation of negative or breaking torque [7] , [8] . For variable speed operation of SRMs, the turn-ON and turn-OFF angles of the phase excitation are optimized for maximum torque per ampere or low torque ripple. The choice of turn-OFF angle is especially critical as speed increases due to the decrease in time for demagnetization. The demagnetization time duration is very critical as the phase current needs to be driven to zero before the rotor pole enters into the negative torque production region. SRMs do not have standard power electronics drive like other ac motor drives [9] . This is due to the fact that SRMs requires independent phase current control and a maximized dc bus voltage per phase. A full-bridge converter for SRM has been proposed in [10] . However, the use of this converter restricts the dc voltage available for magnetization and demagnetization. This results in an overall reduction on the machines operating range. A multilevel combination was proposed in [11] and [12] . The issue with the multilevel converter is the increased number of switches and complicated control. Different converters for driving an SRM are presented and compared in [13] . The asymmetric converter is a typical topology used with the SRMs. It is composed of two switches and two diodes per phase, as shown in Fig. 1 . The two switches are responsible for controlling the driving current of each phase, while the two diodes are required to provide a path for free-wheeling and for discharging the current back to the converter dc bus.
The torque production of the SRM at high speeds can be improved by applying high demagnetization voltage. The higher voltage enables faster discharge of the phase current to zero prior to the aligned position [14] . According to [14] , the faster demagnetization allows the turn-OFF angle for the current to be moved closer to the aligned position. This leads to a longer positive torque production region and lower braking torque.
In [1] and [2] , the authors discussed that at high speeds, the turn-OFF angle can be delayed to increase the positive torque production region. However, the negative torque will also increase leading to a lower net torque and lower efficiency. Therefore, to extend the speed range of SRMs, there is a need for a method that allows fast demagnetization for the phase excitation currents. It is preferred to develop such a method without increasing the number of switching devices.
In [15] , separate windings were used for magnetization and demagnetization for realizing simple hardware structure in the converter. However, it does not provide an enhancement in the SRM high-speed performance as the two windings have the same number of turns.
Separate winding configurations are also used in dc-dc converters. The authors in [16] used this to reduce losses. An improvement in the transient performance by using separate windings was presented in [17] . The benefit of different voltages on different windings was demonstrated in [18] . The papers used the principle of a coupled inductor. This was modeled as a nonideal transformer in [19] .
Fast demagnetization technique is proposed in [20] by adding an extra coupled inductor per phase. These inductors purpose is to discharge the phase current during demagnetization. The coupled inductor has two windings L 1 and L 2 that are coupled on the same magnetic core. The demagnetization voltage can be increased by adjusting the coupled inductor turns ratio. This topology has the advantage of not affecting the magnetic circuit during magnetization besides control simplicity. However, additional windings are required for each phase with high magnetic coupling.
The winding of each phase can be treated as a transformer since it produces flux in the stator and the rotor. In this paper, the standard winding configuration is modified to be like an autotransformer where a different number of turns could be exposed to the dc bus voltage during magnetization and demagnetization. The turn ratios are selected such that higher volt/turn is achieved during demagnetization to enable a faster demagnetization. This paper first introduces the concept of allowing different paths for SRM magnetizing and demagnetizing and then investigates the winding configurations and their effect on torque production and driver operation through finite element analysis (FEA). An appropriate power electronics converter similar to the conventional SRM inverter is used to drive the SRM and a detailed motor model is considered in a case study to verify the effectiveness of the proposed concept.
II. PROPOSED AUTOTRANSFORMER-LIKE WINDING CONFIGURATION
A. Proposed Winding Structure
The proposed split phase winding structure can be considered as an autotransformer connection scheme. The topology can be implemented by interconnecting the stacked primary and secondary windings, as shown in Fig. 2 . The magnetic coupling between the two windings defines the transformer operation between them. Theoretically, the leakage inductance for the two windings should be close to zero.
For the new configuration to be introduced in an off-the-shelf SRM, a rewinding is required, while the machine geometrical and physical parameters will remain the same.
The number of turns of the conventional winding structure is restructured into two separate windings. One of the windings is designed to have a higher number of turns to ensure a higher gain for the demagnetization voltage. However, further considerations for the voltage and the current limitations of the power converter components should be taken into account. The optimization of a number of turns for the two portions of the winding is an important factor to utilize the machine with the new winding configuration. The higher voltage per turn and the lower winding inductance can result in a higher current discharge rate. The power converter design should be adjusted to the new configuration.
B. Proposed Power Converter Structure
The proposed autotransformer phase configuration is shown in the Fig. 3 . The two switches are placed on the two edges of the full-phase windings, while the two diodes are connected across a portion of that winding. The new converter is similar to the conventional converter in terms of the number of switching components.
The converter operation modes can be summarized as follows.
1) Magnetization Mode:
The power converter in the magnetization mode is shown in Fig. 4 . In this mode, the two portions of the winding will be connected in series, and the machine operation will be typical to the normal SRM operation in terms of currents, voltages, and torque production. The voltage across the series connected windings is V dc during this mode. The voltages across the phase windings can be represented as follows:
2) Freewheeling Mode: The power converter in the freewheeling mode is shown in Fig. 5 . The primary N 1 and the secondary N 2 windings are connected in series, and the total voltage applied to the full winding will be zero. It should be noted that with the new converter, freewheeling should be accomplished by turning the upper switch ON and OFF while keeping the lower switch ON for the full conduction time. The current cannot be regulated by controlling the lower switch because the primary winding N 1 will be excluded from the current path when turning the lower switch OFF. This is the soft chopping of the current, in which zero voltage will be applied across the phase windings.
3) Demagnetization Mode: This is the mode of interest for this paper. The converter configuration for the demagnetization is shown in Fig. 6 . In this mode, the controller will turn both switches OFF, connecting the full dc bus voltage across the secondary winding N 2 through the two diodes. The current will be instantaneously cut from the primary winding N 1 .
The magnetic coupling between the two portions will link the whole flux to the N 2 winding. The turns ratio between the two windings dictates the time required to discharge the phase current, that is, the smaller the N 2 , the shorter the demagnetization time.
Equation (3) indicates that the voltage across the secondary winding is V 2 < V dc as N 1 > N 2 . During the demagnetization time when the both switches are OFF for phase A, the voltages will follow the following equations:
The voltage across the secondary winding increased according to (3) and (4) . As the voltage V 2 increases, faster demagnetization is expected. During the demagnetization, the current will be cut completely from the main winding. As the two coils are wrapped around the same core, the main coil flux will cause the current level in the N 2 turns to increase instantaneously. The jump in the current level according to the turns ration can be defined as
where I 2 is the secondary winding current, I original is the total phase current during the magnetization mode, and N total is the total number of turns in the primary and secondary windings combined. The inductance of N 2 can be related to the total inductance as follows:
where L mag denotes the inductance of the two windings combined during the magnetization time, L demag denotes the secondary winding inductance during the magnetization time, μ is the magnetic permeability of the stator pole, A is the crosssectional area of the magnetic circuit, and l is the length of the magnetic path. From (6) and (8), the current waveform of the secondary winding will encounter an instantaneous jump followed by a fast drop in the current to zero. To provide a simplified explanation of the current discharge rate, consider the operation in the linear region of λ-i-θ characteristics of the SRM. The amount of phase current to be discharged during demagnetization for the conventional SRM can be given as [13] 
where L a,θ , i a , and λ a are the inductance, current, and flux linkage of phase A, respectively. θ is the rotor position and ω is motor speed. As the motor speed increases, the time Δt available to demagnetize the phase current becomes smaller, and thus the motor must be demagnetized earlier to avoid the operation in the negative torque region. On the other hand, in the proposed method, the demagnetization equation becomes
By comparing (10) and (12), the ratio of the demagnetization time in the proposed configuration and the conventional one is less than 1/M:1. Thus, the demagnetization time is improved with the new winding topology.
III. ANALYSIS OF THE PROPOSED CONFIGURATION
A. Basic Operation
The proposed winding configuration is capable of improving the SRM torque-speed (T-ω) characteristics by allowing higher torque to be achieved at high speeds. This is achieved by faster demagnetization of the phase currents.
The demagnetization capability of the new winding topology is compared with the conventional SRM in Figs. 7-9 . The same turn-ON and turn-OFF angles are applied in both cases. The currents in the conventional machines are compared with the currents in the primary and the secondary windings at different speeds, where IA, IA1, and IA2 are the conventional windings' Phase A current, the primary Phase A current in the new topology, and the secondary Phase A current in the new topology, respectively. It is clear that the current in the secondary windings will jump instantaneously after turning the switch OFF and it will then be discharged quickly, as shown in Figs. 6-8. This jump in the current is governed by the turns ratio between the secondary N 2 and the primary N 1 windings, and it is an important consideration for the converter design to account for these instantaneous high values in the components ratings. At low speeds, the impact of the fast demagnetization by the proposed configuration is not significant, since there is sufficient time for the phase current to be demagnetized.
The impact of the fast demagnetization at higher speeds is well demonstrated in Figs. 7 and 8. The proposed configuration has the advantage of avoiding the operation into the negative torque region since the current could be demagnetized faster. Thus, the current turn-OFF can be delayed, which increases the torque production [22] , [24] . In order to investigate the effect of the new winding configurations on the phase voltage, the voltages across Phase A winding during the magnetization and demagnetization are compared, as presented in Fig. 10 [25] .
The sudden change in the phase current imposes a high voltage across the primary windings along with the fast transient on the diode current as shown in Figs. 11 and 12 . Fig. 12 compares the voltages across the diodes for two configurations. It is clear from Fig. 9 that the duration for the demagnetization in the proposed configuration is shorter than the duration in the conventional machine. The turn-ON and turn-OFF angles and the positions at which the currents are completely extinguished are given in Table I .
B. Leakage Inductance
The autotransformer behavior for the windings is based on assuming an ideal coupling between the two portions of the windings. However, practically, this is not the case. The effect of nonideal coupling between the two windings on the voltage across the primary windings during demagnetization is investigated. Fig. 13 presents the primary voltage for the ideal coupling with a magnetizing inductance of 10 mH, dc bus voltage of 50 V, and a turns ratio of 2:1 between primary and secondary turns.
The same autotransformer with a leakage inductance of 1% of the magnetizing inductance is simulated, and the voltage across the primary windings is presented in Fig. 14 . The effect of nonideal coupling results in a voltage spike in the primary windings and the electronic switch S 2 connected to the windings terminals, as shown in Fig. 15 . The voltage spike should be considered in the components ratings for the driver.
The leakage inductance theoretically results in an instantaneous change in the flux linked to the primary winding, but for the real application, even with leakage inductance, the voltage peak will be affected by the switching time and the switch impedance, i.e., infinite peak voltage corresponds to ideal switching with infinite impedance for the switch in the OFF state. The voltage across the other switch (S 1 ) will be the same for both ideal and nonideal coupling cases, as shown in Fig. 16 .
The voltage spikes can be improved or overcome by using an resistor capacitor diode (RCD) snubber circuit with the primary winding N 1 , as shown in Fig. 17 [26] . The snubber circuit can absorb the voltage spikes; it provides a path for the current associated with the leakage inductance. The improvement in the voltage across N 1 for the same simulation set is shown in Fig. 18 .
The peak voltage for N 1 depends on the RC values, as shown in Fig. 19 . The power dissipation of the snubber network can be 
where C is the snubber capacitance, V c is the voltage across the capacitor, and f is the commutation frequency. The commutation frequency in this simulated case is 500 Hz. The efficiency of the snubber would depend on the operating conditions, but is not very significant as the losses occur only for a very brief period of time only during demagnetization.
IV. CASE STUDY
A. FEA-Based Verification
A case study a 12/8, 100-W, three-phase, 1000-rpm motor is designed in Flux2D FEA, as shown in Fig. 20 , for the verification of the proposed winding configuration of the SRM. The total slot area for the machine model was 104 mm 2 , and it was divided as 69.3 mm 2 for the primary windings and 34.7 mm 2 for the secondary windings according to turns ratio between them. The turns ratios are determined as N 1 = 100 turns and N 2 = 50 turns in order to avoid high peaks for the phase currents during demagnetization. The machine geometry is presented in Table II . The FEA model was interfaced with a power converter in FLUX (finite element software for electromagnetic and thermal analysis) using the electrical circuit simulator and its associated control. The converter reference current was chosen to be i ref = 5 A with a current density limit of 4.7-5.4 A/mm 2 [23] , while the converter dc voltage V dc = 50 V. The torque speed curves for the case study before and after implementing the new winding topology are shown in Fig. 21 , while the power comparison is presented in Fig. 22 .
The efficiency of the conventional and proposed motor at and below 1500 rpm is the same. The efficiencies above that speed are shown in Table III . It is observed that there is a slight decrease in the efficiency due to slightly higher iron and copper losses. The slight loss in efficiency is due to higher copper and iron losses caused by a slightly lower torque per ampere and higher flux density levels. The proposed machine is not operating at maximum torque per ampere because the machine is no longer in single-pulse operation due to faster demagnetization. The higher flux density is due to the higher current that can now be pushed into the windings. The higher current due to faster demagnetization allows the proposed machine to have a higher power output by approximately 1.5 times. However, the output power in the proposed machine at 3000 rpm is almost 1.5 times higher. In general, the differences in efficiency are small and are in the range of numerical and loss modeling errors.
B. Experimental Verification
The competency of the FEA model was verified experimentally on a 100-W 12/8 SRM machine, which was developed for a washing machine application, as shown in Fig. 23 . This figure displays the complete experimental setup used to verify the fast demagnetization concept. The percentage of the error between the FEA model and the experimental setup was found to be within 10% up to 3000 rpm for different loading conditions, as presented in Table IV . The discrepancy at higher speeds can be attributed to iron loss and different excitation angles at the higher speeds. The test configuration and controller block diagram are shown in Fig. 24 . The motor is controlled by a dSPACE MicroAutoBox. The turn-ON and turn-OFF angles used in the controller are based on experimentally identified optimum angles for the maximum torque per ampere.
The phase current for the unloaded conditions is depicted in Fig. 25 . The waveform clearly illustrates the successful exe- cution of the fast demagnetization for the phase currents. The motor was running at 4000 rpm with a turn-ON angle of 0
• (mechanical) and turn-OFF angle of 17
• (mechanical). The jump in the current waveform corresponds to the cutoff time of the main windings. The steep slope of the current after the jump proves the effectiveness of the fast demagnetization technique. The voltages for the same operational conditions in terms of the mechanical speed, turn-ON, and turn-OFF angles were recorded for the power converter components.
The voltages across switches S 1 and S 2 are shown in Figs. 26 and 27, respectively. The S 2 voltage spike includes the expected spike after cutting the current from the primary windings, as shown in Fig. 27 . The voltages across the two windings are shown in Figs. 28 and 29 . During the magnetization mode, the dc bus voltage is divided between the two windings according to their number of turns. Fig. 29 shows the secondary winding voltage, which has 50 turns compared to 100 turns for the primary windings. This figure clearly shows that the full dc voltage is applied across the secondary windings. The voltage across the primary windings shown in Fig. 27 illustrates the transformer operation during the demagnetization, as the voltage across this winding will be 100 V, while the dc bus is 50 V. The figure verifies the voltage spikes encountered at the primary windings after turning the switch OFF due to leakage inductance. The end windings in the rewound machine were not optimized to minimize leakage. As a result, the voltage spike levels are high.
The motor was successfully loaded at four different speeds. The torque production at the first two speeds was slightly higher than that of the conventional motor, and the improvement at the highest speeds is shown in Table V and Figs. 30 and 31. The optimum turn-OFF angles for the new motor were higher than those for the conventional one, as presented in Table VI . The difference is in the range of 16 electrical degrees. This re- sulted in the higher torque for the proposed winding structure. The difference between the turn-ON angles is not of high significance as it is in the range of 2 electrical degrees. This can be attributed to instrumentation errors and slightly different current references (due to speed controller). The current waveforms when loading the motor at 3000 rpm are shown in Fig. 32 . The resistance in the conventional wound machine was measured to be 1.9 Ω, and in the proposed machine the resistance was 1 and 0.6 Ω for windings N 1 and N 2 , respectively. Thus, a slightly higher efficiency was observed for the proposed machine. This higher efficiency is owed to the higher slot fill in the proposed machine. Theoretically, with the same slot fill, both machines should have the same resistance.
V. CONCLUSION
This paper proposes a novel winding configuration to be implemented in the SRMs in general. The concept is based on emulating an autotransformer-like winding for the phases such that higher volt/turn could be applied during the demagnetization time for the current of each phase in order to boost the negative voltage applied to the windings, which will increase the current discharge rate. This method enhances the machine performance at high speeds, and different torque-speed behaviors can be accomplished by changing the winding configuration for the autotransformer. Optimization decision was made for the secondary winding number of turns to achieve the maximum possible discharge rate while considering the power converter current limitations. The proposed system does not require any additional components to be added to the machine or the driver, and it also does not add any complexity to the typical SRM control. The proposed winding and drive configuration were verified experimentally.
